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Dietary NaC1-restriction prevents the calciuria of KC1-deprivation
and blunts the calciuria of KHCO3-deprivation in healthy adults
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Dietary NaCl-restriction prevents the calciuria of KCI-deprivation and
blunts the calciuria of KHCO3-deprivation in healthy adults. Previous
studies have demonstrated that dietary potassium deprivation in healthy
human subjects eating diets otherwise containing normal quantities of
NaC1 is accompanied by an increase in urinary calcium excretion. This
increase in urinary Ca excretion occurs in association with reductions in
urinary Na and Cl excretion together with trends for weight gain and is
delayed for several days after the initiation of K-deprivation, suggesting
that it is mediated by NaCI retention and expansion of the extra-cellular
volume. The present studies were thus undertaken to determine whether
dietary NaCI restriction prevents the calciuric effect of subsequent K-
deprivation. When dietary NaCI intake was limited to 5 3 mmol/day
among 10 healthy adults, subsequent deprivation of KC1 (—67 mmol/day)
in 5 subjects or deprivation of KHCO3 (—64 mmol/day) in 5 subjects
prevented any significant increase in daily urinary Ca excretion during five
days of K-deprivation. There was, however, a small but significant
cumulative increase above control in urinary Ca excretion at the end of
KHCO3-deprivation, averaging + 1.9 0.6 mmol; P < 0.05. When KCI
was restored to the diets urinary Ca excretion increased while restoration
of KHCO3 to the diets caused urinary Ca to fall to rates below control. We
conclude that the calciuria of K-deprivation when NaCl is present in the
diet is largely dependent upon NaCI retention by the kidneys and
subsequent ECF-volume expansion. In addition, HCO3 is anti-calciuric.
We previously observed, in studies of healthy adults eating
whole food diets containing normal amounts of NaCl, that the
additional administration of KI-1C03, 60 mmol/day, reduced
urinary calcium (Ca) excretion without changing net intestinal Ca
absorption so that Ca balances became equivalently more positive
[1]. The administration of NaHCO3 in similar amount had no
effect on the components of Ca balance [1]. In subsequent studies
directed toward clarifying the effects of potassium (K) on the
renal excretion of Ca when the diets otherwise contained normal
amounts of NaCl, we confirmed that the administration of
KHCO3, 90 mmol/day, but not NaHCO3, reduced urinary Ca
excretion, that NaC1 increased urinary Ca excretion but that KCI
did not and, using synthetic diets, that dietary deprivation of
either KI-1C03 or KCI increased urinary Ca excretion [21. Correl-
ative evaluation of those observations suggested that the effects of
K on urinary Ca excretion might, in part, be mediated by
alterations in ECF-volume since transient increases in urinary Na
and Cl excretion and weight loss accompanied the administration
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of KHCO3 or KC1, while reductions in urinary Na and Cl
excretion and trends for weight gain accompanied deprivation of
either KHCO3 or KC1 [2].
The present studies were therefore undertaken to evaluate such
an effect of ECF-volume to increase urinary Ca excretion when
dietary K intake is reduced. Healthy adults were adapted to low
NaC1 diets in order to prevent NaC1 retention when they were
subsequently deprived of either KHCO3 or of KC1. Under these
conditions of NaC1 restriction, neither KC1- or KHCO3-depriva-
tion was accompanied by significant increases in daily urinary Ca
excretion. Thus, the calciuria of K-deprivation when NaC1 is
present in the diet is mediated by NaCl retention and ECF-
volume expansion.
Methods
We studied 10 healthy adults (4 women and 6 men) in the
Medical College of Wisconsin Clinical Research Center, with
their consent under a protocol approved by the Medical College
of Wisconsin Human Research Review Committee. The subjects
ranged in age from 20 to 47 years and averaged 36 8.5 SD years.
Their body weights ranged from 56.9 to 83.5 kg and averaged 71.7
8.9 kg. The women were studied at random times with respect
to their menstrual cycles. The subjects were studied while they
continued their usual activities, but were asked to avoid strenuous
exercise. They were weighed and had their blood pressure mea-
sured every morning under standardized conditions following
conclusion of their previous 24-hour urine collection.
Each study began by having each subject eat a normal whole
food diet estimated to provide only about 22 mmol NaCl/day for
two days in order to initiate adaptation to Na-restriction. There-
after, all subjects ate a liquid synthetic diet, prepared without
NaC1, in proportion to their body weight. This formula provided
45 kcal/kglday using 1.0 g soy protein/kg/day, 2.0 g corn oil/kg/day,
4.6 g cornstarch/kg/day and 1.15 g sucrose/kg/day. In order to
avoid phosphate depletion, 0.165 mmol/kg/day of a neutral (pH
7.4) mixture of K2HPO4 and K1-12P04 was added to each diet
because of the limited amount of phosphate present in the soy
protein used as the protein source; thus the K-content of the basic
formula was not as low as in our previous studies [2] when the
formulas contained NaC1 and the supplementary phosphate was
similarly provided as Na salts. The basal formula for 5 subjects
contained, in addition, KC1 1.0 mmol/kglday and for the other 5
subjects KHCO3 1.0 mmol/kg/day. The formulas were prepared
with tap water. Methionine, 15 mg/kg/day, was also added to the
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formulas because the soy protein is deficient in this essential
amino acid. Each subject drank additional deionized water as they
desired. Each took one multiple vitamin capsule containing folic
acid and iron every day. The subjects were studied sequentially
during five control days, followed by five days of K-deprivation
when KCI or KHCO3 were omitted from the formulas, and by six
recovery days when control quantities of KC1 or KHCO3 were
restored to the formulas. By analysis of aliquots of each formula
the diets during the KC1-deprivation studies provided during
control: Na 8, K 78 Ca 24.3 Mg 22.3, Cl 66, and P04 28.8
mmol/day; during KC1-deprivation it was: Na 8, K 13, Ca 24.7, Mg
22.4, Cl 5, and P04 28.7 mmol/day. During the KHCO3-depriva-
tion studies the diets provided during control: Na 2, K 89, Ca 24.9,
Mg 22.7, Cl 5, and P04 34.2 mmol/day; during KHCO3-depriva-
tion the diet provided: Na 2, K 23, Ca 25.4, Mg 23.0, Cl 5 and P04
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Fig. 1. Mean daily urina,y excretion rates of Jc
Na, Cl and net acid in 5 subjects eating the low
NaCl diets during control, KCI-deprivation and
recovery (left panels, squares) and in 5 subjects
eating the low NaC1 diets during control, KHCO3-
deprivation and recoveiy (right panels, circles).
The open symbols indicate the control and
recovery days and the solid symbols indicate the
K-deprivation days. The vertical lines through
each symbol represent 5EM. The asterisks
adjacent to the vertical lines indicate
statistically significant changes from control, by
repeated measures of analysis of variance; P <
0.05.
The subjects collected daily urines under mineral oil and
preserved with thymol and phenylmercuric nitrate. Fasting morn-
ing urines were collected on the last two days of each study phase.
Fasting morning blood specimens were collected at the end of the
last three control days and daily thereafter. Feces were not
collected but the times of defecation were recorded. The subjects
defecated every 1.1 0.2 days; none had diarrhea.
Urine volume, blood and urine pH and CO2 content, the
concentrations of creatinine, Na, K, Cl, Ca, Mg, and P04 in blood
and urine and the concentration of ammonium in urine were
measured by previously described methods [1]. Concentrations of
1,25-(OH)2-vitamin D and intact PTH in serum were also mea-
sured as previously described [2].
The slopes of the individual body weights versus time on the
constant diets, estimated from the weights on the last two control
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34.5 mmol/day. days and final two days of the recovery period, were used to
Lemann et al: NaCI-restriction and the calciuria of K-deprivation 901
Study day Study day
estimate changes in weight attributable to caloric in take and thus
to estimate weight attributable to the changes in electrolyte
intake.
Results are presented as group means SEM. The significance
of changes from the last three control days were evaluated by
repeated measures of analysis of variance with adjustment for
multiple comparisons [3] using SAS. For comparison, some results
for our previously published observations of KCI- or KHCO3-
deprivation when the formula diets contained normal amounts of
NaC1 [2] are also shown.
2.
Results
The results are summarized in Figures 1 to 3 and Tables 1 and
Control conditions
During the final three days of the control periods, urinary Na
excretion averaged 9 2 and 8 2 mmol/day for the subjects
subsequently deprived of KC1 and of KHCO3, respectively, thus
indicating that the subjects exhibited nearly maximal renal Na-
conservation (Fig. 1). Body weights were continuing to decline
slightly, presumably related to continuing adaptation to Na-
restriction, a decline that was still evident after correction for
weight changes attributed to caloric intake (Fig. 2). Urinary K
excretion averaged 55 9 mmol/day for the subjects subsequently
deprived of KCI and 84 8 mmol/day for the subjects subse-
quently deprived of KHCO3 (Fig. 1). Urinary Cl excretion aver-
aged 56 8 mmollday for the subjects subsequently deprived of
KC1 and 13 3 mmol/day for the subjects subsequently deprived
of KHCO3, while urinary net acid excretion averaged 56 3
mEq/day for the subjects subsequently deprived of KC1 and 5 3
mEq/day for the subjects subsequently deprived of KHCO3 (Fig.
1). Urinary Ca excretion rates during control averaged 4.65 0.96
mmol/day among the subjects receiving KCI, higher than the Ca
Fig. 2. Mean body weight, (upper panels) and
mean cumulative changes in body weight,
corrected for individual changes during study
attributed to caloric balance (lower panels) during
KCI-deprivation (left panels) and KHCO3-
deprivation (right panels). Symbols are in Fig. 1.
excretion rates that averaged 2.54 0.59 mmol/day when the diets
contained KHCO3, despite comparable dietary intakes of Ca for
the two groups (Fig. 3). Control urinary excretion rates of Mg
similarly tended to be higher among the subjects receiving KC1
averaging 8.97 1.75 mmol/day as compared to 6.53 0.35
mmol/day among the subjects receiving KHCO3 (Fig. 3). Daily
urinary excretion rates of P04 were also stable (Fig. 3). Blood
composition during the control periods was normal and stable
(Table 1). Fasting urine composition was stable and reflected daily
urine composition (Table 2).
Effects of KC1- and KJICO3-deprivation and repletion on iç Na,
Cl and net acid
When either KC1 or KHCO3 were removed from the diets, daily
urinary K excretion fell progressively (Fig. 1) declining to mini-
mum levels of 18 6 mmol!day among the subjects deprived of
KCI and to 25 4 mmol/day among the subjects deprived of
KHCO3. Serum K concentrations also declined slightly but signif-
icantly (Table 1). Daily urinary Cl excretion fell during KC1-
deprivation accompanied by a small, but significant decrease in
serum Cl concentration (Fig. 1 and Table 1). Net acid excretion
rose during KHCO3-deprivation accompanied by a small decrease
in serum HCO3 concentrations (Fig. 1 and Table 1). The low rates
of Na excretion observed during control fell further (Fig. 1).
Fasting urine KJGFR fell during deprivation of both K-salts while
fasting urine Cl/GFR decreased during KC1-deprivation and
fasting urine Net Acid/GFR increased during KHCO3-depriva-
tion (Table 2). By the end of the recovery periods, during
restoration of KC1 or KHCO3 to the diets, daily and fasting rates
of K, Na, Cl and net acid excretion had returned to control rates
(Fig. 1 and Table 2). Serum K and HCO3 concentrations returned
to control levels (Table 1).
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Fig. 3. Mean daily urinaty excretion rates of Ca,
P04 and Mg in 5 subjects eating the low NaCI
diets during control KC1-deprivation and recover
(left panels) and in 5 subjects eating the low
NaCI diets during control, KHCO3-deprivation
and recovely (right panels). Symbols are in Fig. 1.
Table 1. Mean fasting blood composition during control, K-deprivation and recoveiy
KCI-deprivation KHCO3-deprivation
Control KCI-deprivation Recovery Control KHCO3-deprivation Recovery
Serum K inmol/liter 4.4 0.2 4.0 0.la 4.5 0.2 4.0 0.1 3.7 0.la 3.9 0.1
Serum Na mmol/liter 140 1 140 1 140 1 137 1 137 1 137 1
Serum Cl mmol/liter 104 1 101 ia 103 1 100 1 101 1 100 1
Serum HCO3 mmol/liter 26.8 1.4 27.8 1.1 26.8 1.3 28.9 0.6 27.5 1.oa 28.9 1.4
Serum total Ca mmol/liter 2.50 0.03 2.47 0.04 2.47 0.05 2.51 0.02 2.46 0.03 2.47 0.02
Serum P mmol/liter 1.11 0.04 1.17 0.05a 1.08 0.04 1.19 0.07 1.10 0.07 1.14 0.06
Serum Mg mmol/liter 1.11 0.04 1.12 0.04 1.11 0.04 1.08 0.02 1.10 0.01 1.08 0.01
Serum creatinine pnol/liter 105 9 103 10 101 9 109 3 105 2 106 3
SerumPTHpg/ml 29±4 36±6 27±4 29±6 33±6 32±6
Serum 1,25(OH)2-vitamin D 78 12 71 6 77 10 108 19 124 26 106 10
pmol/liter
All values are means SEM.
P < 0.05 or less in comparison to Control
Effects of KCI- and KHCO3-deprivation and repletion on Ca, PG4
and Mg
When either KC1 or KHCO3 were removed from the diets of
these Na-restricted subjects, daily urinary Ca excretion rates did
not change significantly from control (Fig. 3). Fasting urine
Ca/GFR also was unchanged from control rates during KC1-
deprivation but tended to rise slightly during KHCO3-deprivation
(Table 2). During the recovery periods, when KC1 was restored to
the diets, daily urinary Ca excretion rose to rates significantly
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Table 2. Mean fasting urine composition during control, K-deprivation and recovery
KC1-deprivation KHCO3-deprivation
Control KCI-deprivation Recovery Control KHCO3-deprivation Recovery
Fasting urine KIGFR mmol/liter 0,46 0.07 0.18 0.02 0.45 0.06 0.66 0.06 0.22 0.02 0.64 0.11
Fasting urine Na/GFR mmollliter 0.03 0.01 0.03 0.03 0.03 0.03 0.03 0.01 0.04 0.03 0.03 0.01
Fasting urine CI/GFR mmol/liter 0.31 0.07 0.06 0.Ola 0.38 0.03 0.05 0.01 0.04 0.01 0.03 0.01
Fasting urine net acid/GFR mEqiliter 0.24 0.07 0.34 0.04 0.30 0.01 —0.09 0.06 0.27 0.04 —0.06 0.08
Fasting urine pH 5.94 0.29 5.64 0.16 5.55 0.16 7.12 0.20 5.72 0.20a 6.87 0.24
Fasting urine Ca/GFR mmol/liter 0.016 0.004 0.014 0.003 0.020 0.004 0.007 0.002 0.013 0.002 0.008 0.002
Fasting urine POdGFR mmol/liter 0.051 0.009 0.095 0.Olla 0.051 0.014 0.059 0.011 0.081 0.012a 0.065 0.012
Fasting urine Mg/GFR mmol/liter 0.036 0.005 0.040 0.006 0.040 0.006 0.032 0.001 0.053 0.008 0.051 0.006
All values are means SEM.
aP < 0.05 or less in comparison to Control
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above control rates on the second through fifth recovery days (Fig. urinary Mg excretion increased above control throughout
3). Restoration of KHCO3 to the diets was accompanied by a fall KHCO3-deprivation (Fig. 3) and fasting UMgV/GFR also in-
in daily urinary Ca excretion rates that reached levels significantly creased (Table 2). Both daily and fasting urinary Mg excretion
less than control rates on the fourth and fifth recovery days (Fig. decreased to control when the K-salts were restored to the diets
3). Fasting UCaV/GFR also tended to fall (Table 2). Daily and during recovery (Fig. 3 and Table 2).
fasting urinary P04 excretion rose during both KCI- and KHCO3-
deprivation, falling to or below control during the recovery Discussion
periods (Fig. 3 and Table 2). Daily urinary Mg excretion increased In an effort to clarif' the possible mechanisms for the failure of
from control rates on the third and fifth days of KC1-deprivation, urinary Ca excretion to increase during KC1- or KHC03-depriva-
but fasting UMgV/GFR did not change (Fig. 3 and Table 2). Daily tion when dietary NaCI was restricted in the present studies, we
904 Lemann et al: NaC1-restriction and the calciuria of K-deprivation
have compared these results to our prior studies of KC1- and of
KHCO3-deprivation when the synthetic diets contained normal
quantities of NaC1 [2].
The upper panels of Figure 4 compare the cumulative changes
from control in urinary Ca excretion during K-deprivation and
recovery for the subjects who ate NaCI-restricted diets in the
present studies to the subjects previously deprived of K when the
diets contained NaC1 [2]. During KC1-deprivation, when the diets
contained NaCI, there was a significant cumulative increase in
urinary Ca excretion after a delay of several days and a further
increase when KCI was restored to the diets during recovery.
During NaC1-restriction, KC1-deprivation had no effect to in-
crease cumulative urinary Ca excretion. However, cumulative Ca
excretion rose significantly after KC1 had been restored to the
diets during recovery. During KHCO3-deprivation, cumulative Ca
excretion rose after a delay of several days, reaching significant
amounts by the third day when the diets contained NaC1 and by
the fourth day when the diets did not contain NaCl. The incre-
ments were significantly greater when the diets contained NaC1.
During recovery from KHCO3-deprivation, cumulative Ca excre-
tion tended to increase further when the diets contained NaCl, so
that there were cumulative urinary Ca losses relative to control at
the end of the studies. However, during NaC1-restriction, resto-
ration of KHCO3 to the diets during recovery caused urinary Ca
to fall below control (Fig. 3), so that at the end of the studies there
was no cumulative change from control in urinary Ca excretion
(Fig. 4).
The upper panels of Figure 5 compare the cumulative changes
from control in urinary K excretion in the same manner. At the
end of the studies the cumulative reductions in urinary K-
excretion averaged +Na-KC1 —348 41, —Na-KC1 —232 67,
+Na-KHCO3 —277 52 and —Na-KHCO3 —378 25 mmol,
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Fig. 5. Comparison of the cumulative changes
from control in urina,y excretion of K, Na, Cl
and net acid during KCI-deprivation and recove,y
(left panels, squares) and during KHCO3-
deprivation and recoveiy (right panels, circles) in
the present studies during dieta,y NaCI-restriction
(open symbols) to comparable prior studies [2]
when the diets contained normal quantitities of
NaCI (solid symbols). Symbols are in Fig. 4.
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Fig. 6. Mean daily urinaty Ca excretion (top), Na excretion (middle), and K
excretion (bottom) in 3 subjects during control, during NH4CI acidosis, during
recove,y from acidosis on a low K diet and during K-repletion. From Lennon,
EJ and Lemann, J Jr. [8], used with permission.
accounting for 97 12, 69 17, 96 17 and 113 5 percent,
respectively, of the cumulative reductions in K intake during the
studies. Since most of the decrements in K intake could thus be
accounted for, it is unlikely that K-deprivation directly accounted
for the variations in the Ca excretion. Furthermore, although
dietary K intake was reduced in the present studies during NaCI
restriction to only 13 to 23 mmol/day as compared to about 2
mmol/day in our prior studies when the diets contained NaCI, it
would appear unlikely that the greater K-intakes blunted the
calciuria because the cumulative reductions in K intake during the
five days of K-deprivation were comparable, averaging +NaC1-
KC1 360 7, —NaCI-KC1 —322 20, +NaCl-KHCO3 —276 33
and —NaCI-KHCO3 333 13 mmol.
Figure 5 also shows the cumulative changes from control in
urinary Na, Cl and net acid excretion. When NaC1 was present in
the diets, deprivation of either KC1 or KFICO3 was accompanied
by progressively increasing cumulative reductions in urinary Na
and Cl excretion, reflecting retention of NaCl. Among the subjects
deprived of KCI while eating diets containing NaCl the cumulative
reduction in urinary Cl excretion exceeded the cumulative reduc-
tion in dietary Cl intake during KC1 restriction [2]. Thus, ECF-
volume expansion occurred since K-deprivation was accompanied
by trends for weight gain when the diets contained NaC1 [21. In the
present studies, dietary NaC1 restriction prevented significant Na
and Cl retention. Under these conditions the calciuria of K-
deprivation observed when the diets contained NaC1 was abol-
ished. Thus, the calciuria of K-deprivation is dependent upon the
simultaneous availability of dietary NaCI, and must be a conse-
quence of the effect of K-deprivation to cause Na and Cl retention
and expand ECF volume. Further evidence that the effect of
K-deprivation to increase urinary Ca excretion is indirect is
provided by the time delay of several days after K was withdrawn
from the diets before an increase in urine Ca became apparent
(Fig. 4). Dietary NaC1 restriction blunted, but did not abolish, the
cumulative calciuria of KHCO3-deprivation (Fig. 4). Moreover,
fasting UCaV/GFR tended to increase during KHCO3-deprivation
and decrease toward control during KHCO3-repletion. Thus,
when dietary NaCI is restricted, the modest calciuria of KHCO3-
deprivation is likely only related to HCO3-deprivation and a
reduction in the availability of HCO3 in the distal nephron where
HCO3 is known to enhance tubular Ca reabsorption [4] and,
ultimately in addition, inhibit net bone resorption. When NaCI is
available in the diet, KHCO3-deprivation is accompanied by a
greater degree of calciuria because of both this reduction in
HCO3 availability and the effect of K-restriction to cause NaC1
retention and volume expansion (Figs. 3 and 4).
Despite NaCI restriction in the present studies, deprivation of
either K-salt was accompanied by increased urinary P04 excreti
on (Figs. 3 and 5) as observed previously when the diets contained
NaC1 [2]. It was previously proposed [2] that inhibition of distal
tubular P04 reabsorption during K-deprivation might mediate the
hypercalciuria by causing a trend toward hypophosphatemia and
thus activation of calcitriol synthesis. Such a sequence of events is
unlikely because NaCI restriction prevented the calciuria of
K-deprivation but not the phosphaturia of K-deprivation. More-
over, serum calcitriol levels did not change (Table 1).
The subjects continued to lose weight during both the control
and K-depletion periods, presumably due to ongoing adaptation
to dietary NaC1-restriction, and speculatively during K-restriction,
due to losses of cell K with osmotically obligated water. The
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subjects exhibited a trend for weight gain during recovery. Since
the diets remained free of NaC1 and K-repletion was accompanied
by stabilization or even a slight increase in urinary Na excretion,
it seems reasonable to propose that replenishment of cell K
during recovery obligated accompanying water retention and thus
weight gain.
Previous studies have shown that deprivation of dietary K
achieved mainly by withdrawal of dietary KCI results in Na
retention [5, 6], and that K-deprivation achieved by substituting
Na-phosphate for K-phosphate in the diet while maintaining
normal amounts of dietary NaC1 results in Na and Cl retention
and weight gain as well as calciuria [7]. We previously observed
among subjects recovering from NH4C1 acidosis, who were on low
K diets containing normal amounts of NaC1, the retention of
progressively increasing amounts of Na and Cl with weight gain
and the development of edema [8]. Restoration of KC1 to those
diets resulted in a NaCl diuresis, weight loss and disappearance of
edema [8]. Urinary Ca excretion was also measured during those
studies but not presented in detail [81.Wehave now reviewed data
for three of the subjects of that study. As shown in Figure 6, mean
daily urinary Ca excretion rates among those subjects rose as
expected during NH4CI administration, remained above control
rates as the subjects retained Na (and Cl; not shown) while
recovering from acidosis on the low K diets, although at levels less
than the peak rates during acidosis, and then fell to control rates
during the NaC1 diuresis that accompanied K-repletion. Those
observations provide additional support for the importance of
NaCl retention to mediate the calciuria of dietary K-deprivation.
The mechanisms and nephron segments responsible for the
effect of K-deprivation to cause NaCI retention and the conse-
quent increase in Ca excretion have obviously not been identified
by prior or the current studies. Nevertheless, it seems reasonable
to propose that a comparable interaction of dietary K intake with
dietary NaCl intake across the usual ranges encountered among
healthy adults eating self-selected diets would contribute to
calciuria among individuals who select diets containing large
amounts of NaC1 and small amounts of K.
Previous studies have emphasized the effects of increasing
dietary NaC1 to increase urinary Ca excretion, thus favoring
Ca-salt crystallization and kidney stone formation [9—I 1]. Such
losses, if not completely compensated by equivalent increments in
intestinal Ca absorption, could potentially result in losses of bone
mineral. Fasting urine Ca/GFR, an index of bone resorption, rose
during K-deprivation when the diets contained NaC1 [2] and
tended to rise during KHCO3-deprivation in the present studies
during NaC1-restriction (Table 2). This result thus provides fur-
ther support for the view that diets low in NaCl, together with
diets providing more K and actual or potential HCO3 in fruits,
vegetables and cereal, would minimize urinary Ca excretion and
protect skeletal mass.
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